A detailed procedure of optimization of the conductometric biosensor for L-arginine determination in blood serum has been proposed.
Introduction. For the last decade, the statistics of inborn errors of the amino acid metabolism is alarming, and screening of the related diseases in newborns is always advisable [1] [2] [3] . In biotechnology and microbiology, the monitoring of amino acids in culture medium is also important since elevated consumption of certain amino acids serves as an indicator of microbial contamination [4] . Regarding the necessity of amino acid monitoring in farming, the continuous evaluation of the nutrition efficiency can lead to sustainable improvements in productivity, allowing the development of feeding strategies based on suitable local feedstuffs [5, 6] .
The levels of L-arginine are commonly measured through its direct reaction with ninhydrin, Sakaguchi reagent [7] or by biacetyl reaction [8, 9] . However, colorimetric methods have low specificity to L-arginine and at the same time the analysis may be performed only if large amount of probe is available. The arginine determination based on arginase coupled with urease with the following spectrophotometric detection is also used [10, 11] , however, the method is applicable only for the protein hydrolizates free of urea. If quantification of Larginine in a complex mixture is required, high-precision results can be obtained by liquid or ion-exchange chromatography [12, 13] .
In clinical practices, arginine may also be detected using capillary electrophoresis [14] , capillary electrophoresis-time of flight-mass spectrometry or capillary electrophoresis-electrospray mass spectrometry [15, 16] . However, these methods are time consuming, expensive and demand skilful personnel.
Thus, there is an increasing challenge for inexpensive and reliable techniques which, along with the use in central or satellite laboratories, would be much more accessible in health care area, at farms, etc. Electrochemical biosensors have been offered as a response to this challenge in virtue of their analytical capabilities, portability, simplicity, ease of mass manufacture.
Our previous work on L-arginine biosensor [17] has demonstrated the feasibility of fabricating a highly sensitive conductometric biosensor for the model sample analysis. The biosensor reported was designed on the basis of arginase and urease immobilized as a single bioselective membrane. This paper describes the possibilities of application of the biosensor developed for L-arginine determination in serum using the optimization procedure, essential for the conductometric measurements. The aim of the work was to determine an influence of serum components on the biosensor sensitivity and to formulate practical recommendations and precautions for reliable real sample analysis. This study was the first stage in the elaboration of a reliable biosensor system for amino acid assay in complex media of different origin.
Materials and method. Reagents. Arginase (E. C. 3.5.3.1, 136 U/mg solid) from bovine liver and urease (E. C. 3.5.1.5, 100 U/mg solid) from jack beans were purchased from «Sigma-Aldrich» (France). The solution of bovine serum («Calf serum, iron supplemented from formula-fed calves, cell culture tested, sterile-filtered, for RD use only», «Sigma» C8056-100 ml, 018 K8406) was supplied by «Sigma-Aldrich» (Germany) and used without further purification. Bovine serum albumin (BSA), glutaraldehyde (GA, 25 % aq. solution), urea (60.06 g/mol), L-amino acids and their derivatives were provided by «Sigma-Aldrich» (France). The phosphate solution used was prepared with KH 2 PO 4 and Na 2 HPO 4 («Acros Organics», Belgium) unless otherwise stated. While the biosensor operating in a differential measuring mode, a phosphate solution (5 mM KH 2 PO 4 -Na 2 HPO 4 , pH 6.0) was useful to maintain the necessary ionic strength of the measuring system and permitted to perform the efficient registration of newly generated ions. Glycerol was purchased from «Macrokhim» (Ukraine). The amino acid solutions and phosphate solution were made from the chemicals of at least analytical grade using ultra-pure (UP) water. UP water used was obtained from a Millipore («Milli Q purification system», France).
Transducers. Each transducer chip consisted of two pairs of interdigitated thin film electrodes (150 nm thick) of identical configuration. The electrodes were fabricated by vapor deposition of gold onto a non-conducting pyroceramic substrate (5 × 30 mm). A 50 nm thick intermediate chromium layer was used to improve the gold adhesion to the substrate. Both the digit width and interdigital distance were 10 µm, and their length was ~ 1.5 mm. Thus, the sensitive area of each pair of electrodes was ~ 2.9 mm 2 . The first pair of electrodes, covered with non-reactive BSA membrane, constituted a reference sensor. The second pair of electrodes, covered with the enzyme membrane, represented a working sensor.
Preparation of selective elements of conductometric biosensor for L-arginine determination. The enzyme membranes cross-linked with glutaraldehyde were formed using the immobilization technique originated from the previous experience [17] . Briefly, arginase (1.8 mg), urease (4.4 mg) and BSA (2 mg) were thoroughly dissolved in 40 µl of 40 mM phosphate buffer (pH 7.4), containing glycerol (15 %). Afterwards, 0.15 µl of the prepared solution and 0.15 µl of the GA aqueous solution (2 %, v/v) were vigorously homogenized and deposited onto the sensitive surface of one pair of electrodes. The reference sensor was prepared by the same procedure, except that arginase and urease were replaced by BSA. Time of the biomembrane immobilization was about 25 min. Before the measurements, the biosensor was carefully washed for 10-15 min in 5 mM phosphate solution (pH 6.0).
Electrochemical measuring system. The conductometric biosensors were studied using the portable biosensor analyzer reported in the work [18] . The analyzer sensor assembly contained a stand with fixed block of holders; each holder was connected to the contact of an appropriate conductometric biosensor.
The applied sinusoidal potential was of 30 kHz frequency and 10 mV amplitude which allowed avoiding faradaic processes, double-layer charging and polarization of the microelectrodes. Illumination and temperature variations had practically no influence on the biosensor characteristics. The measurements were carried out in a glass cell filled with phosphate solution (volume 3 ml), under vigorous magnetic stirring. An output potential of each conductometric transducer was proportional to an impedance difference between working and reference sensors [19] .
The conductometric detection of L-arginine in the biosensor is based on the following processes and reac-tions. Species of the phosphate solution (H 2 PO 4 -and HPO 4 2-) which have high value of relative conductivity, significantly contribute to the overall conductivity of the membrane. While the measurements, these species as well as water hydroxyl ions serve as ammonium carriers (NH 4 + generated in the reactions (1) and (2)) from the arginase-urease membrane to the bulk solution. In particular, after the formation of ammonium in the enzymatic reactions, its translocation from the membrane to the bulk solution is provided by the temporary association of NH 4 + with the species of the dissociated components of the phosphate background solution and water molecules. At the same time, species of the phosphate solution from the bulk penetrate the enzymatic membrane and maintain its conductivity.
(1)
Accordingly, the analytical signal of the biosensor has the following nature. Before the injection of the substrate to the measuring cell, a conductivity of a boundary layer (a thin layer of the solution adjacent to the electrode surface where the protein-based membrane is located) is registered as an initial signal of the biosensor and has a form of the continuous baseline. Afterwards, when L-arginine is added, its enzymatic decomposition results in the generation of new ions (ammonium) contributing to the change of overall conductivity at the boundary layer of the biosensor. When the equilibrium between the rate of the ammonium production inside the arginase-urease membrane and the speed of protons influx into the membrane (from the bulk solution) is established, it is reflected in the steady-state biosensor response, corresponding to the end of the enzymatic transformations. Thus, the initial biochemical changes, occurring within the bioselective element of the biosensor, are registered finally as a physical parameter (conductivity changes). Operating in the differential measuring mode, the output signal of the biosensor is a difference between the newly established conductivities at the boundary layer of the working and reference electrodes.
Results and discussion. Optimization of ionic strength of working solutions for real sample analysis.
Blood serum is a complex, high ionic strength medium, which composition is similar to that of plasma, except that the latter contains fibrinogen and prothrombin required for blood clotting. Accurate measurements of L-arginine in serum can be performed if the working solution and the serum sample have equal initial conductivities. It was important to be sure that serum aliquot injection to the measuring cell will change conductivity only in connection with L-arginine concentration in the sample. For that reason, we compared the initial conductivities of all solutions used, namely bovine serum, 5 mM phosphate solution, pH 6.0 (the composition of the phosphate solution was previously determined as optimal for the reliable performance of the L-arginine biosensor [17] ), stock solutions of L-arginine, and urea. The measurements were performed for both solutions and after their appropriate dilution.
The measured conductivity of pure serum and that of the working solution (5 mM phosphate solution, pH 6.0) was 10.43 ± 0.03 mS and 0.52 ± 0.03 mS, respectively. Such considerable difference in the conductivities could be significantly expressed in the biosensor response, even if serum comprised neither L-arginine nor urea. However, it is noteworthy that when injecting certain volumes of serum to the measuring cell, the sample conductivity is likely to reduce because of its dilution in the working solution. The serum sample volume was 30 µl, thus its dilution in the measuring cell was 100. The measured conductivity of such sample was 0.7 ± 0.03 mS. Since the conductivities of the diluted serum and the proper phosphate solution still differed (0.7 ± 0.03 mS and 0.52 ± 0.03 mS, respectively), for higher precision we regulated the working solution conductivity by adjusting potassium chloride to its final concentration in the phosphate solution of 1 mM. The conductivities of the stock solutions of L-arginine and urea were 0.75 ± 0.03 mS and 0.42 ± 0.03 mS, respectively. These values were quite comparable with the conductivity of the phosphate solution used.
Determination of urea in serum. Since the developed bi-enzyme biosensor comprised urease, it was necessary to find out whether or not the tested sample contained urea. For that purpose, the urea biosensor was fabricated. Bioselective membranes for urea sensor we-re prepared according to the procedure described in our work [20] .
Bovine serum, taken for L-arginine analysis, was initially examined towards the presence of urea. The sensitivity of the urea biosensor in 5 mM phosphate solution (pH 6.0) comprising 1 mM KCl was found to be quite satisfied (no less than 5 µS/mM). However, the functionally active urea biosensor did not respond to serum. The results of measurements carried out at least in 3 series were the same. Therefore, it was concluded that the tested sample was urea-free. Nevertheless, urea determination in the real sample is necessary in each particular case.
Preliminary evaluation of amino acid content in the serum. Since at the beginning it was not known what contributed to the biosensor response exactly, a conditional term «L-arginine» was used to substitute all factors having impact on the biosensor signal while the serum adjustment.
After the serum sample being tested for urea, L-arginine biosensor was calibrated for the model solution of L-arginine (the biosensor calibration curve was obtained in 5 mM phosphate solution, pH 6.0, with 1 mM KCl added). The calibration parameters were the following: dynamic range 0.025-13.3 mM; linear range 0.025-5 mM (y = 0.06894 + 6.9367x, with the correlation coefficient R = 0.99928). Afterwards, the biosensor response to the serum aliquot (30 µl) was studied at least in 3 series and L-arginine content in the serum was evaluated using the calibration curve. The determined concentration of L-arginine was 1.372 ± 0.049 mM. Taking into account 100-fold dilution of the aliquot sample, the determined concentration ranged between 132.3 and 142.1 mM.
Compared to the literature data, this value was significantly higher than the normal level of L-arginine in the blood (depending of the age and gender, the normal level of L-arginine ranges between 72.4 ± 6.7 µmol/l and 113.7 ± 19.8 µmol/l [21] ).
Therefore, the determined concentration of L-arginine was likely a sum of the biosensor responses to certain compounds. Meanwhile, it was significant that the serum analysis, using the urea biosensor, did not reveal the traces of urea in the sample. Thus, it was important to find a suitable explanation for such behavior of the biosensor.
Inhibitory effect of mercury ions on the enzyme activity of the biosensor for L-arginine determination.
The biosensor specificity to L-arginine was verified based on several approaches. One of them was an inhibition of the enzyme activity of the biosensor by mercury ions. For this purpose, the biosensor was immersed into the solution of mercury ions (its concentration was about 100 µM [22] ), for 20 min. The inhibition efficiency was evaluated in the further measurements of the biosensor response to the model samples of L-arginine and urea.
After the incubation of L-arginine biosensor in the mercury ion solution, it was observed no response to the elevated volumes of serum aliquots as well as to increased concentrations of L-arginine. The studies of the enzyme activity of the biosensor after its incubation with mercury allowed concluding that initial biosensor response to serum was due to the presence of certain compounds to which the biosensor was sensitive.
High temperature treatment of L-arginine biosensor. The aim of further investigations was to find out whether the conductivity changes, recorded by the biosensor while serum adjustment, were related to the difference in the ionic strength of the solutions used, or to the level of L-arginine in serum. The responses of L-arginine biosensor to serum (30 µl), L-arginine (1 mM) and urea (1 mM) were measured before and after temperature treatment of the biosensor. High temperature treatment of the immobilized enzymes was carried out as follows. The functionally active biosensor was placed in the boiling UP water for 1, 4, 10, 20, and 40 min. After each boiling, the amplitudes of the biosensor responses to serum, L-arginine and urea were carefully documented.
According to the observations, after the biosensor was subjected to high temperatures for 1 min, its responses to serum and L-arginine slightly reduced (compared to the initial response, the signal decrement was about 20 %). Thereafter, each following boiling caused a slow decline in the biosensor response to serum and L-arginine. Eventually, after the fourth boiling, the biosensor did not respond to both serum and L-arginine at all.
Enzyme activity of the biosensor toward the enzymatically treated serum. The third approach to prove the biosensor specificity to L-arginine was testing the biosensor response to the serum sample, treated with free enzymes. The experiments were carried out in the following way. The initial responses of the functionally active biosensor to serum (30 µl), L-arginine (1 mM), and urea (1 mM) were obtained and their amplitudes were documented. Afterwards, 2 mg of the lyophilized arginase (E. C. 3.5.3.1, 136 U/mg solid) and 2 mg of lyophilized urease (E. C. 3.5.1.5, 100 U/mg solid) were added to the individual microtube containing the pure serum sample (volume 1.8 ml). The enzymes were carefully solubilized in serum and the response of L-arginine biosensor to the aliquot of obtained suspension was measured each 20 min after adjustment of free enzymes, the last measurement was carried out in three hours.
An analysis of the biosensor responses obtained after pure serum treatment revealed quite interesting facts. Before the free enzymes were adjusted to the 30 µl serum sample, the biosensor response was 10.59 µS. After 20 min incubation the biosensor signal amplitude decreased (9.048 µS). During further serum incubation, the biosensor response remained relatively constant (the coefficient of variation of the response intensity was about 0.5 %). In three hours after the moment when pure serum was subjected to arginase and urease, the biosensor response was about 9 µS. Thus, a conclusion was drawn about the impact of some compounds, other than L-arginine, on the biosensor signal. These observations implied to the biosensor selectivity.
Selectivity of the bi-enzyme conductometric biosensor for L-arginine determination. The biosensor selectivity studies [17] demonstrated that the L-arginine biosensor had remarkable sensitivity to two other basic amino acids (i. e., L-lysine, L-histidine), was less sensitive to γ-aminobutyric acid and almost insensitive to others.
Interestingly, in the literature L-lysine and L-histidine are widely considered as competitive inhibitors of arginase [23] [24] [25] . Xie et al. speculated [24] that L-lysine inhibited the arginase activity and switched off the EPR signal of the binuclear center by removing a bridging ligand or by increasing the inter-manganese separation.
Analysis and interpretation of the results. Summarizing the results of all optimization procedures it was drawn the following conclusion. While testing the enzyme activity of the biosensor toward the enzymatically treated serum, it was revealed that after a moment when free arginase and urease hydrolyzed the serum L-arginine, the biosensor yet responded to serum. To explain that observation we assume that the serum injection provoked the interactions between arginase and small amounts of L-histidine (His) and L-lysine (Lys), present in serum, to such extent that the observed response was initially interpreted as that to L-arginine (according to [24, 26] , the inhibitory influence of these amino acids on the arginase activity is observed at high concentrations). Eventually, diminution of the biosensor response to serum from 10.59 µS to about 9 µS suggested that pure serum (without free enzymes added) did contain Arg, and the difference in the biosensor signal (1.59 µS) could be exactly attributed to the response to Arg.
The biosensor response monitored after first series of the high temperature treatment of the immobilized membranes, was also explained by the presence of Lys and His in the sample. To interpret the nature of the biosensor response toward Lys and His, it was made the following assumption. It is known that both enzymes (arginase and urease) as well as BSA are histidinerich compounds. As it was stated in [27] , His and Lys tend to the formation of the salt-bridges between their residual chains in the aqueous solutions (the most pronounced ability to the ion-pairing was observed for His-residues). Consequently, ion-pairing between His, belonging to the active centers of enzymes, and exogenous His and Lys affects the arginase ability to bind Larginine properly but, at the same time, causes the conductivity changes at the boundary layer, and, thus, the biosensor response to these amino acids. Evidently that the biosensor response after the first series of the high temperature treatment originated from the interactions between exogenous His and Lys (from the serum sample) and His and Lys, present within the denaturated protein molecules.
According to the test on the biosensor specificity based on the inhibition with mercury ions, it was confirmed that the initial sensitivity of the biosensor was related to the interactions of L-arginine and two other basic amino acids with enzymes. After incubation of the immobilized enzymes in the mercury-based solution, the biosensor did not respond to serum (it was useful observation, since it allowed to ensure that the conductivity of the electrolytes, present in serum, was fitted properly and, therefore, it was not a part of the initial responsiveness of the biosensor to the serum injections).
Summarizing all the observations, to eliminate the distortion of the biosensor response to serum by Lys and His, and aiming for the accurate determination of L-arginine, we propose the following strategy. After the procedure of fitting the conductivity of the working solution in accordance to the conductivity of that of serum, and calibration the L-arginine biosensor in model solution of L-arginine, the necessary steps are the following: 1) to analyze the serum sample using the urea biosensor (if the result is negative, to follow the further steps. If the result is positive, to obtain the calibration curve of the L-arginine biosensor in model solution of urea and then follow the further steps); 2) to document the initial response of the L-arginine biosensor to the serum aliquot; 3) to treat the serum sample with histidine ammonia-lyase (E. C. 4.3.1.3) (in order to free sample from L-histidine); 4) to document periodically the biosensor responses to the serum aliquot until reaching the invariable response of the biosensor; 5) to treat the serum sample with lysine-2,3 aminomutase (E. C. 5.4.3.2) (in order to free sample from L-lysine); 6) to document periodically the biosensor response to the serum aliquot until reaching the invariable response of the biosensor. Afterwards, the measure, at which the invariable response of the biosensor is reached, may be used for the determination of the L-arginine concentration in serum using a calibration curve of the L-arginine biosensor.
Besides the L-arginine measurement in serum, the developed conductometric biosensor was applied to the analysis of several pharmaceutical items, namely the commercially available drinkable solution «Arginine-Veyron» (Laboratoires Pierre Fabre Medicament, France) and the tablets «Arginotri-B» (Bouchara-Recordati, Italy).
The solution «Arginine-Veyron» had the following composition: 5 ml of the solution (1 ampoule) contained L (+) arginine hydrochloride 1 g (corresponds to the quantity of L (+) arginine: 0.8266 g), excipients: caramel flavor, methyl parahydroxybenzoate (E218), saccharin, saccharose solution at 67 % (m/m), purified water.
The result of the arginine determination in the solution «Arginine-Veyron», obtained by the method of calibration curve, is presented in Table. The standard deviation between five repeatable measurements (n = 5) was found as 20.84 mM, with standard error of 9.32 mM (Table) . Taking the reliability assessment as γ = 0.95, the arginine measurement may be given within the following confidence interval: (946.13 ≤ a ≤ 982.67) mM. The coefficient of variation of the obtained measures was 2.16 %. Comparing the stated value (922.4 mM) and that one, obtained experimentally, we suppose that some variance between these values could be caused by the interference of the background (i. e., presence of the additives contained in the examined solution).
At measuring the arginine in the tablets «Arginotri-B», it was observed a pronounced inhibitory effect of vitamins B1 and B6, present in the tablets, on the enzyme activity of the biosensor. However, the studies on biosensor responses to B1 and B6 alone showed that the inhibition was reversible.
Conclusions. A detailed procedure of optimization of the conductometric biosensor for L-arginine determination in bovine serum has been proposed. The nonspecific conductivity changes in the course of analysis were eliminated by the regulation of ionic strength of the phosphate solution used. It was confirmed that considerable amplitude of the biosensor signal in response to the serum sample injection can be attributed to the presence of two basic amino acids, L-lysine and L-histidine. For the accurate determination of L-arginine in real samples it was suggested the treatment of the serum samples with the free enzymes specific to L-histidine and L-lysine (histidine ammonia-lyase and lysine-2,3 aminomutase, respectively). To date, the adaptation and 
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application of the L-arginine biosensor for the analysis of biological fluids may be considered as an attractive diagnostic tool in the modern medicine.
